The disposal of plastic solid waste (PSW) has become a major worldwide environmental problem. New sustainable processes have emerged, i.e. either advanced mechanical recycling of PSW as virgin or second grade plastic feedstock, or thermal treatments to recycle the waste as virgin monomer, as synthetic fuel gas, or as heat source (incineration with energy recovery). These processes avoid land filling, where the non-biodegradable plastics remain a lasting environmental burden. Within the thermal treatments, gasification and pyrolysis gain increased interest. Gasification has been widely studied and applied for biomass and coal, with results reported and published in literature. The application to the treatment of PSW is less documented. Gasification is commonly operated at high temperatures (>600˚C to 800˚C) in an airlean environment (or oxygen-deficient in some applications): the air factor is generally between 20% and 40% of the amount of air needed for the combustion of the PSW. Gasification produces mostly a gas phase and a solid residue (char and ashes). The use of air introduces N 2 in the product gases, thus considerably reducing the calorific value of the syngas, because of the dilution. The paper will review the existing literature data on PSW gasification, both as the result of laboratory and pilot-scale research. Processes developed in the past will be illustrated. Recently, the use of a sequential gasification and combustion system (at very high temperatures) has been applied to various plastic-containing wastes, with atmospheric emissions shown to be invariably below the legal limits.
INTRODUCTION: PSW AND ITS TREATMENT OPTIONS
Plastics are light-weight, durable, and versatile, allowing their incorporation into a diverse range of applications. In recent years, the environmental, social and economic impact of plastics has been the topic of the political agenda, with a focus on sustainable production and the decoupling of adverse environmental effects from waste generation. The disposal of waste plastics has become a major worldwide environmental problem. The USA, Europe and Japan generate about 55 million tons of post consumer plastic waste [1] . These waste products were previously dumped in landfill sites, a non-sustainable and environmentally questionable option. The number of landfill sites and their capacity are moreover decreasing rapidly and in most countries the legislation on landfills is becoming increasingly stringent.
New sustainable processes have emerged, i.e. 1) the advanced mechanical recycling of post-consumer plastic waste as virgin or second grade plastic feedstock; and 2) thermal treatments to recycle the waste as virgin monomer, as synthetic fuel gas, as hydrocarbon feedstock, or as a heat source (incineration with energy recovery). These processes avoid land filling, where the non-biodegradable plastics remain a lasting environmental bur-den. Plastic solid waste (PSW) treatment can be divided in four methods, as illustrated in Figure 1 , each individual method providing a unique set of advantages making it particularly suited and beneficial to a specific location, application or product requirement [2, 3] . The purpose of recycling is to minimize the consumption of finite natural resources, and this is especially relevant in the case of plastics which account for the use of 4% -8% of the global oil production [3] : re-using plastics is the required course of action, with the additional benefit of reducing emissions associated with plastic production [3] . The most appropriate recovery method is chosen considering the environmental, economic and social impact of a particular technique. Figure 1 illustrates the position of each recycling method within the production chain.
THERMO-CHEMICAL RECYCLING OF PSW
Thermo-chemical recycling refers to advanced technology processes which convert plastic materials into smaller molecules, usually liquids or gases, which are suitable for use as a feedstock for the production of new petrochemicals and plastics [1] . Products have moreover been proven to be useful as fuel. The technology behind its success is the de-polymerisation process that can result in a very profitable and sustainable industrial scheme, providing a high product yield and a minimum residual waste. Processes of pyrolysis, gasification, hydrogen-nation, and steam/catalytic cracking have been previously reported upon [1] .
Recently, much attention has been paid to chemical recycling (mainly pyrolysis, gasification and catalytic degradation) as a method of producing various hydrocarbon fractions from PSW. By their nature, a number of polymers are advantageous for such treatment. Thermolysis is the treatment of PSW in the presence of heat at controlled temperatures and under a controlled environment. Thermolysis processes can be divided into pyrolysis (thermal cracking in an inert atmosphere), gasification (in the sub-stoichiometric presence of air usually leading to CO and CO 2 production) and hydrogenation (hydrocracking) [4] .
Pyrolysis can be successfully applied to Polyethylene teraphthalate (PET), polystyrene (PS), polymethylmetacrylate (PMMA) and certain polyamides such as nylon, efficiently depolymerising them into constitutive monomers [5] [6] [7] . Polyolefins, and in particular polyethylene (PE), has been targeted as a potential pyrolysis feedstock for fuel (gasoline) production, or to produce waxes as feedstock for synthetic lubricants, albeit with a limited success.
The development of value added recycling technologies is highly desirable as it would increase the economic incentive to recycle polymers. Several methods for thermochemical recycling are presently in use, such as direct gasification, and degradation by liquefaction [8] . Various degradation methods for obtaining petrochemicals are presently under investigation, and conditions suitable for pyrolysis and gasification are being researched extensively [9] .
Catalytic cracking and reforming facilitate the selective degradation of waste plastics. The use of solid catalysts such as silica-alumina, ZSM-5 or zeolites, effect tively converts polyolefins into liquid fuel, giving lighter fractions as compared to thermal cracking.
Gasification has recently been attracting increased attention as thermo-chemical recycling technique. Its main advantage is the possibility of treating heterogeneous and contaminated polymers with limited use of pre-treatment, whilst the production of syngas creates different applications in synthesis reactions or energy utilisation. Gasification has been widely studied and applied for biomass and coal, with results reported and published in literature. The application for the treatment of plastic solid waste is less documented, although the number of publications increases exponentially. Figure 2 shows different thermolysis schemes, main technologies and their main products obtained, as initially presented by Mastellone [10] .
GASIFICATION

Gasification of PSW
Gasification or partial oxidation of plastic waste is commonly operated at high temperatures (>600˚C -800˚C). Air (or oxygen in some applications) is used as a gasification agent, and the air factor is generally 20% -40% of the amount of air needed for the combustion of the PSW. The process essentially oxidizes the hydrocarbon feedstock in a controlled fashion to generate the endothermic depolymerisation heat. The primary product is a gaseous mixture of carbon monoxide and hydrogen, with minor percentages of gaseous hydrocarbons also formed. This gas mixture is known as syngas and can be used as a substitute for natural gas or in the chemical industry as feedstock for the production of numerous chemicals. For most of the PSW components, the ash and char production is limited [3, [11] [12] [13] .
A hydrogen production efficiency of 60% -70% from polymer waste has been reported [14] . Gasification is an attractive alternative to direct incineration of PSW, since it reduces the formation of dioxins and aromatic compounds. Gasification efficiently utilizes the chemical energy and recoverable raw materials inherent in unsorted domestic waste, industrial and special waste (e.g. medical waste), and is capable of transforming almost all of the total waste input into technically usable raw materials and energy [12] .
Co-gasification of biomass with polymers has also been shown to increase the amount of hydrogen produced while the CO content is reduced [15] .
A 40 MW fluidized bed gasifier has been installed by Corenso in Varkaus (Finland) for processing polyethylene plastics with metallic aluminium recovery from recycling of Tetrapak cartons.
A typical circulating fluidized bed gasifier is illustrated in Figure 3 , with the syngas being thermally used in a boiler arrangement [16] .
Air is mostly used as a gasification agent: the main advantage of using air instead of O 2 alone is to simplify the process and reduce the cost. But a disadvantage is N 2 being present causing the reduction in the calorific value of resulting syngas due to the dilution.
Several types of gasification processes have previously been developed and reported. Their practical performance data, however, have not necessarily been satisfactory for universal application. If char is produced in the gasification, it needs to be further processed and/or burnt. Other gasification schemes (mainly in pilot scale) use a great deal of expensive pure oxygen, whilst others necessitate considerable amounts of expensive materials such as coke and limestone. An ideal gasification process for PSW should produce a high calorific value gas, completely combusted char, produce an easily recoverable ash and should not require any additional installations for air/water pollution abatement.
Early gasification attempts of plastics present in municipal solid waste have been reported since the 1970s [17, 18] . The gasification with high calorific value fuel gas obtained from PSW was demonstrated in research stages and results were reported and published in literature for PVC [19] , PP [20] and PET [21] . The need for alternative fuels has lead for the co-gasification of PSW with other types of waste, mainly biomass. Pinto et al. [15, 22] studied the fluidized bed co-gasification of PE, pine and coal and biomass mixed with PE. Slapak et al. [23] designed a process for steam gasification of PVC in a bubbling fluidized bed.
Xiao et al. [24] co-gasified five typical kinds of organic components (wood, paper, kitchen waste, PE-plastic, and textile) and three representative types of simulated municipal solid waste (MSW) in a fluidized-bed (400˚C -800˚C). It was determined that plastic should be gasified at temperatures in excess of 500˚C to reach a lower heating value (LHV) of 10,000 kJ/Nm 3 . Figure 4 represents the process of co-gasification used in their study. Gasification produces three different phases: a solid phase (char), a liquid phase (tars) and a gas phase [25] . First products yielded are usually in the range of C 20 to C 50 . These products are cracked in the gas phase to obtain lighter hydrocarbons, as ethene and propene, which are unstable at high temperatures and react to form aromatic compounds as benzene or toluene. In thermo-chemical treatment of polyolefins (mainly PE and PP), products obtained mainly depend on cracking reactions in the gas phase. Long residence time of volatiles in reactors and high temperatures decreases tar production but increases char formation [26] .
It is believed that increasing temperatures above 500˚C and prolonging gas residence time, reduces the tar content in the gas product from gasification of PSW, ASR, MSW and even mixtures of coal, biomass and PSW [22, [27] [28] [29] [30] .
At temperatures above 800˚C, larger paraffins and olefins produced from decomposition of plastics are cracked into H 2 , CO, CO 2 , CH 4 and lighter hydrocarbons [31] .
In PSW gasification, the endothermic gasification reactions involving steam and CO 2 [32, 33] (and high heating rates create a char which is more reactive and easier to deal with [34, 35] . As a result of these reactions, high gasification temperatures have been reported to increase the H 2 concentration, gas yield [15] and sometimes LHV [36] for a wide range of gasification configurations and oxidizing media.
Gasification of Automotive Shredder Residue (ASR)
A specific and recent development involves the gasification of ASR, where plastics are significantly present.
The study of Harder and Forton [37] describes the process developed by Schwarze Pumpe, producing methanol as a fuel. Sequential gasification and incineration tests were reported by Mancini et al. [38] and make use of a rotary kiln operated between 850˚C and 1120˚C with an air factor <1. Combustion of the gases is completed in a secondary afterburner chamber. The system includes a boiler (steam at 43 bar, 430˚C) and turbine. The capacity was on average 2400 kg/h during the tests. The paper fully describes the characteristics of the ASR used, the combustion properties, the ash analyses, the composition of the exhaust gases, the process operational problems, the residue management, and the energy efficiency. It was concluded that the process requires minor modifications. Atmospheric emissions were invariably considerably below the legal limits.
A similar full report of a sequential gasification and combustion unit to treat ASR, using a fluidized bed gasifier (590˚C) followed by a cyclonic afterburner (1400˚C) is described by Viganò et al. [39] and by Cho et al. [40] . All operational details and properties of the different process streams are included in the publications. Opera-tion of the afterburner at 1400˚C moreover produces a vitrified (and hence inert) slag. It is concluded that the sequential gasification and combustion system reaches appealing energy and environmental performances, despite the unfavourable characteristics of ASR.
A catalytic gasification of ASR with hydrogen generation is presented by Lin et al. [41] , using a lab-scale fixed-bed downdraft gasification process. A 15 wt% NiO/Al 2 O 3 catalyst is used at 760˚C -900˚C. It is predicted that such a process, conducted at 46.2 atm would yield 87% of syngas, with a 0.27 m 3 reactor allowing to ultimately produce 100 kW of electricity starting from 220 kg/h of ASR. Further tests are however needed.
Sequential microwave pyrolysis and high temperature agent gasification (HTAG) experiments were performed by Donaj et al. [42, 43] . The research suggests using the liquid and solid residue from the microwave pyrolysis as fuel for the HTAG process. In this process a gasifying agent (steam, air or an air/steam mixture) is heated to temperatures above 900˚C, providing all the heat needed for gasification. The use of HTAG can lead to higher conversion of fuel to gas, higher hydrogen yields and lower tar content in comparison to conventional gasification [42, 43] . Although the results are fairly supportive for the gasification of the liquid pyrolysis residue, additional process optimization is required towards the pyrolysis of the solid residue.
The use of a sequential gasification and combustion system (at very high temperatures) as reported by Mancini et al. [38] , by Viganò et al. [39] and by Cho et al. [40] demonstrates that atmospheric emissions were considerably below the legal limits. In the specific Japanese case, the operation of the afterburner at 1400˚C moreover produces a vitrified (and hence inert) slag. It is concluded that the sequential gasification and combustion system reaches appealing energy and environmental performances, despite the unfavourable characteristics of ASR.
Large-Scale Gasification Technologies
One of the most common technologies is the Waste Gas Technology UK Limited (WGT) process (Figure 5) . Different kinds of wastes (PSW, MSW, sludges, rubbers, wood and straw) are dried and mechanically pre-treated, sorting out incombustibles and granulated to optimum sized particles and fed into a cylindrical reactor for gasification at 700˚C -900˚C to yield a HCV gas [44] . Upon discharge and subsequent separation of gas and char, the latter may be utilized via combustion in a boiler to raise steam while the gas is quenched and cleaned of contaminants prior to its use in a gas engine or turbine and possibly CCGT applications.
The Texaco gasification process is by far the most common and well known technology. First pilot scale experiments (10 tons/day) were carried out in the US [45] . Figure 6 reviews the process which consists of two parts, a liquefaction step and an entrained bed gasifier. In the liquefaction step the plastic waste is mildly thermally cracked (depolymerisation) into synthetic heavy oil and some condensable and non-condensable gas fractions. The non-condensable gases are reused in the liquefaction as fuel (together with natural gas). Oil and condensed gas produced are injected to the entrained gasifier [46] . The gasification is carried out with oxygen and steam at a temperature of 1200˚C -1500˚C. After a number of cleaning processes (amongst others, HCl and HF removal), a clean and dry synthesis gas is produced, consisting predominantly of CO and H 2 , with smaller amounts of CH 4 , CO 2 , H 2 O and some inert gases [47] . Table 1 summarizes the products from the input criteria and process.
In the case of PSW severely contaminated with other waste products (including contaminated wood, waste water purification sludge, waste derived fuel, paper fractions, etc.), the SVZ process constitutes the optimum solution. The input is fed into a reactor (kiln), together 
Expected products
Synthesis gas
Vitrified slag Fines 350,000 Nm 3 /day (predominantly H 2 /CO) out of 150 tonnes of PSW/day -High quality, equivalent to fly ash with lignite (in the form of briquettes) and waste oil. Oxygen and steam are used as gasification media, and are supplied in counter flow with the input materials [47] . This processes synthesis gas (a mixture of hydrogen and CO), liquid hydrocarbons, and effluent. The gas is used mainly for methanol production and around 20% is used for electricity production. One of the main advantages of this process is its tolerance for various input parameters. Tukker et al. [47] stated a number of acceptance criteria for the SVZ process, summarized below:  Particle size: >20 to 80 mm;  Chlorine content: 2% as default, though higher concentrations are tolerable;  Ash content: up to 10% or more.
As a producer of chlorine and vinylchloride, Akzo Nobel started a process for mixed PSW gasification. The process consists of two separate circulating fluid bed (CFB) reactors at atmospheric pressure (Figure 7) . The first is a gasification reactor in which waste (usually rich with PVC) is converted at 700˚C -900˚C into product gas (fuel and HCl gas) and tars. The second unit is a combustion reactor that burns the residual tar to provide heat for the gasification process. Circulating sand between the gasifier and combustor transfers heat between the two reactors. Both reactors are of the riser type with a very short residence time. This type of reactor allows a high PVC waste throughput. If the input contains a lot of PE and PP, the output will contain a significant amount of propylene and ethylene [47] .
EXPERIMENTAL WORK
Feedstock Material
As PSW samples, PET, PE, PP and PS were selected. They were either chopped into 1 -2 cm long chips with maximum thickness below 0.5 mm, or used as pellets of about 3 to 5 mm.
Fluidized Bed Gasification Reactor
The gasification experiments were performed in a bubbling fluidized reactor. The experimental set-up is illustrated in Figure 8 .
The bubbling fluidized bed is manufactured from Incoloy steel, and externally insulated. The air flow rate was controlled by flow meter. The heat-input from the electrical heater (50 kW) was set by the bed temperature. Vapours, gases and fluidization gas were exhausted by an induced draft fan, passing a water-cooled condenser and a liquid collection tank. Life steam (110˚C, 5 bar) could be added in the windbox of the fluidized bed, i.e. below the distributor plate, built as a sintered metal plate with pressure drop of about 3000 Pa at the operating flow rate and temperature. The air flow rate was maintained at about 20% to 25% of the stoichiometric air flow needed for the combustion of each specific PSW material (Equivalence Factor, EF, 20% -25%), and the velocity in the bed varied from 2 to 4 times the minimum fluidisation velocity, Umf. For some of the experiments, a steam dilution was also applied, reducing EF to below 15%.
A known weight (between 0.3 and 0.5 kg) of the PSW sample was placed into a perforated basket. The perforations enabled the fluidized bed sand to fluidize within the voidage of the PSW chips.
The fluidized bed consisted of about 15 kg of quartz sand (150 -300 µm, 2600 kg/m³), for a total static bed height of about 35 cm.
Gases were exhausted to the atmosphere, after appropriate analysis of CO, CO 2 , H 2 and CH 4 . Temperatures between 550˚C and 800˚C were tested.
In additional experiments, live-steam (110˚C, 5 bar) was directly injected directly into the fluidization air flow, thus further reducing the partial pressure of O 2 being present. All experiments were twice repeated under identical operating conditions, and average results were used to determine the kinetics of the PSW gasification.
The progress of the gasification reaction was monitored through the on-line measurement of the CO production. A first order gasification reaction was assumed to be valid, allowing the calculation of the reaction rate constants from PSW conversion as measured by CO production. The order of the reaction was determined by Brems et al. [7] , and indeed found to be close to 1 for all polymers.
Experimental Results
The optimum temperatures of gasification (max. gas yield) are defined in Table 2 , together with the activation energy, E a , and the pre-exponential factor, A, of the Arrhenius kinetic expression.
The reaction rate constant, k, can be determined using the Arrhenius equation, reproduced below:
Using the experimental data, the reaction rate constant for the different PSW materials can be predicted at any temperature.
At the respective optimum T of PE, k equals 5.35 s
, representing a fast reaction rate.
The required residence time of PE in the reactor can be determined from the overall reaction kinetics, as given for a first order reaction:
Integration of Eq.2 and introducing X p , the degree of conversion (the weight percentage of initial solid that is successfully converted into the product), yields:
From experimentation it was seen that the gasification of PSW is very efficient and a conversion factor, X p , of 0.99 is easily achieved.
The required residence time, t, can then be evaluated as:
For the case of PE, this leads to a required residence time, t, of 0.86 s.
Gasification is hence a very fast reaction at the optimum temperatures, and ideally suited for a fluidised bed gasifier.
CONCLUSIONS
From the previous review and experimental work, the gasification of PSW can certainly be developed into a valid recycling route for PSW, producing a syngas, rich in H 2 and CO. Although references of industrial scale application are given in the literature, the future breakthrough of the process will require further experimental work to improve the equipment design and product optimisation. Advances in that area will aid in the improvement and more widespread use of gasification reactors.
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